Increasing the fuel efficiency of industrial machines through digitalization can enable the transport and logistics sector to overcome challenges such as low productivity growth and increasing CO 2 emissions. Modern digitalized machines with embedded sensors that collect and transmit operational data have opened up new avenues for the identification of more efficient machine use. While existing studies of industrial machines have mostly focused on one or a few conditioning factors at a time, this study took a complementary approach, using a large set of known factors that simultaneously conditioned both the fuel consumption and productivity of medium-range forklifts (n = 285) that operated in a natural industrial setting for one full year. The results confirm the importance of a set of factors, including aspects related to the vehicles' travels, drivers, operations, workload spectra, and contextual factors, such as industry and country. As a novel contribution, this study shows that the key conditioning factors interact with each other in a non-linear and non-additive manner. This means that addressing one factor at a time might not provide optimal fuel consumption, and instead all factors need to be addressed simultaneously as a system. Sustainability 2019, 11, 6708 2 of 21 equipment add to the already existing emissions in the transport and logistics sector [2, 8] . For example, without the intervention of governments and clear energy efficiency measures it is predicted that in the European Union greenhouse gas emissions produced by trucks will be around 35% higher in 2030 than the 1990 levels [9] . In comparison to other vehicles, diesel vehicles consume the most fuel [2, 10] . At the same time, heavy-duty vehicles are being overloaded in order to reduce operating costs, and this has had significant negative environmental impacts [3]. Thus, because fuel efficiency is directly linked to CO 2 emission [9], vehicle fuel consumption and vehicle productivity [1] should be explicitly considered together in order to reduce these vehicles' environmental impact.
Introduction
In line with the ongoing focus on environmental sustainability in the global economy, the transport and logistics sector is also concerned with the negative environmental impact of using heavy-duty industrial equipment. The depletion of the ozone layer has been a worldwide concern for the last few decades [1] , and hazardous materials that affect the ozone layer are emitted through the fuel consumption of various equipment in different industrial sectors. Most heavy-duty industrial equipment, such as forklifts, terminal tractors, cranes, straddle carriers, and reach stackers, are diesel-fueled and have been shown to be a key source for hydrocarbon, NOx, and particulate matter emissions that contribute significantly to the formation of haze/smog [2, 3] . Although the number of electric vehicles is increasing [4] , reducing fuel consumption from diesel-fueled industrial machines remains one of the key challenges for environmental sustainability [5] .
The development of more advanced vehicles has contributed to humans' enhanced capabilities to perform difficult industrial tasks, but this has in turn led to an even stronger response from the environment [6, 7] . The growing fuel consumption and carbon emissions from such heavy-duty reduce fuel consumption and thereby increase the productivity and reduce the CO 2 emissions of medium-range forklifts.
The remainder of this paper is organized as follows. The next section presents work related to key drivers affecting fuel consumption. We then present the research methodology, which is followed by a description of the results. Following that, a discussion and conclusion are presented.
Related Work
Digitalization has profoundly affected modern nations, organizations, and individuals [12] . The Industrial IoT and new digital environments, such as big data, mobile and service platforms, cloud computing, and social media, enable new combinations of resources, communication channels, products, services, and digital business models [8, [25] [26] [27] [28] . Numerous sensors, camera images, and barcode scans produce a vast amount of data, and this creates a great opportunity to uncover hidden patterns that might affect fuel consumption and thus CO 2 emissions without reducing equipment productivity in unexpected ways [14, 20] . However, making sense of these services and data is a challenge for both manufacturers and customers [11, 12] , and these advancements in technology, smart services, and large, complex datasets raise many questions regarding the use of digital technologies for environmental sustainability. One such question is how to use and analyze large sets of sensor data in order to reduce the fuel consumption of heavy equipment without reducing productivity.
Over the past few years there has been an increasing number of studies on the factors affecting fuel consumption and CO 2 emissions in the field of road freight transportation and logistics. For example, it was previously found that engine load conditions [29] , vehicle speed [30, 31] , payload [32, 33] , fleet size and mix [33] , driver behavior [34] [35] [36] , and surface roughness [37] are key factors that affect vehicle fuel consumption. All of these factors were later summarized in the following five key groups of factors (Table 1 ) that significantly affect the fuel consumption of road freight transport [17, 18] : (i) vehicle-related (vehicle weight, shape, engine and transmission models, and fuel and oil type); (ii) environment-related (surface and temperature conditions); (iii) travel-related (speed and acceleration/deceleration); (iv) driver-related (driver behavior, gear selection, and idling); and (v) operations-related (fleet size, mix, payload, and empty kilometers).
Factors affecting fuel consumption have been widely studied in the road freight transportation and logistics fields, but factors affecting the fuel consumption of forklifts have received little attention. Forklift operations differ from ground transportation in that in the former there is a need for more starting and stopping and the distances traveled are much shorter [24] . Most of the studies that have addressed forklift efficiency and fuel consumption have focused on operational features and have developed a number of models that indirectly affect the fuel consumption of forklifts through order sequencing, storage allocation, and path minimization [19] [20] [21] [22] [23] . However, these models are criticized for having low flexibility, restricted applicability to the particular operating conditions, and difficulty being adapted to different warehouse layouts. Thus, these models are difficult to apply in more complex real-life settings. Moreover, while driver behavior has a direct influence on fuel consumption and efficiency, it is often neglected in these models. For example, in a recent study [24] , it was observed that drivers with similar tasks had different driving behaviors and that average speed was the most significant variable affecting the fuel consumption of forklifts.
A number of studies have also investigated the impact of information and communication technologies (ICT) on fuel consumption and thus on CO 2 emissions. For ICT-based scheduling systems with telematics applications for data communication, it has been shown that positioning and navigation have a rate of return of 40-75% due to savings in fuel consumption [38, 39] , and the introduction of semi-automated computerized route optimization and scheduling systems and onboard monitoring computers has positively affected fuel efficiency [40] . ICT use at different levels-including vehicle, company, supply chain, and network levels-has also been shown to have a positive effect on reducing mileage, fuel consumption, and CO 2 emissions [41] . Internet-based freight applications that match the consignor's demand and the carrier's supply provide an efficient way to find the right truck and Sustainability 2019, 11, 6708 4 of 21 to organize the delivery process in a way that decreases empty travel distances, and thus improves average vehicle load and fuel efficiency while reducing CO 2 emissions [18] . With the advancement of ICT and the proliferation of sensors, companies are now able to capture multivariate time series datasets related to vehicle use. Over the last decade, a number of studies have analyzed large amounts of road freight transportation data in order to identify key parameters and their effects on fuel consumption. For example, data from a global positioning system have been shown to be effective in predicting the driving and idling fuel consumption rates of heavy vehicle fleets [13, 15, 42] . Among the key parameters collected from the sensor data of heavy-duty vehicles, the most important for fuel consumption are vehicle configuration, speed, payload factors, traffic congestion, and regenerative braking [43] . Differences in the operating environment of long-haul trucks and customer usage also play an important role in fuel efficiency [44] , and the analysis of logging data revealed real-world driving behaviors that have a major influence on fuel economy [16] . In addition, big data analysis obtained from digital tachographs demonstrated the importance of driving patterns such as acceleration/deceleration, speed, and revolutions per minute [14] on fuel efficiency. Overall, these studies confirmed previously established factors for efficient fuel consumption.
While recent studies, including sensor-based studies, have already discovered a number of factors that affect vehicle fuel consumption, the majority of them have studied these factors separately, and thus only provide a partial understanding of existing fuel consumption factors. To overcome this, a specific theory of complementarities has been advanced to show that changing only one factor might not come close to achieving the benefits that are available using a system of specific complementarities that are addressed in a purposeful and synchronized manner [45] . In the present study, we apply a Sustainability 2019, 11, 6708 5 of 21 methodology that can potentially demonstrate which complementary factors can be studied together in order to improve fuel efficiency. We also focus on fuel consumption as a dependent variable but do not disregard the relationship between fuel consumption and the productivity of a vehicle. Moreover, in the present study we focus on one specific and homogeneous type of heavy-duty vehicle-medium-range forklifts-and thus present a unique and detailed analysis of factors that affect fuel consumption.
Method
This study's empirical basis was a particular company that is a leading global provider of heavy industrial vehicles with lifting capabilities, such as forklifts, reach stackers, and terminal tractors. The company's key customer segments include industrial ports, saw mills, and steel mills. The choice of company can be explained by the crucial importance of the transport and logistics sector for economic growth and employment [11, 46, 47] , and current studies demonstrate that this industry has undergone significant development in terms of activities and employment [48] . The demand for road freight transport and logistics services is continuously growing [49] , and thus the productivity of this industry has a significant impact on environmental sustainability with regard to CO 2 emission reductions [41] . Although the road freight transport industry is important for the social and economic development of a country, this industry is characterized by environmental, social, and competitive pressures, as well as by demanding customers [50] . Under these conditions, digital technologies are seen as the main enabling tool for effective and efficient operations [18, 41] , and transport and logistics companies increasingly depend on their ability to use these technologies in analyzing fuel consumption in order to move freight on time with reduced damage to the environment.
The study of the company's vehicles was motivated by several factors. Connectivity of vehicles is a part of the company's strategy, and the number of connected vehicles is constantly increasing. The company is in the transition process with the introduction of sensor data technologies and has a large enough set of vehicles with data sensors sending daily operational data from various countries and customer segments. The sensors on the vehicles send a vast amount of data to the company cloud regarding the usage and performance of the vehicles, e.g., accumulated distance, forward and reverse directions, speed, time, load, temperature, and fuel. The data indicate that diesel fuel consumption varies quite significantly between different customers, and this was the impetus for this study to attempt to identify key determinants of fuel consumption in relation to productivity. Below, the data collection procedures and analytical method are presented in detail.
Sample and Data Collection
For the purpose of analyzing what factors affect fuel consumption, a homogeneous group of vehicles, i.e., medium-range (9-18 tons) forklifts, which are primarily designed to lift and move materials over short distances, were chosen, and the data were collected daily from 1 January 2017 to 31 December 2017. The main concern from the company under investigation was that the available data indicate that diesel fuel consumption varies quite significantly between different industry segments. The final data sample was represented by 285 forklifts constructed during 2012-2017, including 13 forklift models, 5 engine models, and 3 transmission models. The forklifts operated in 16 countries, primarily in the US (16.5%), Great Britain (13.9%), and Germany (12.5%), and in 15 industry segments ( Figure 1 ), including sawmills (34%), material handling and logistics (26%), brick and concrete industry (9%), and steel mills (6%).
Descriptive statistics are presented in Table A1 (Appendix A). The independent (explanatory) variables used in this study were chosen based on previous studies that identified them as significant for fuel consumption. Among these variables are vehicle distance, speed, number of idles, shock and overload occurrences, engine, driving and idle time, and time spent in different driving modes, time spent and number of lifts in different workload spectra, and variables related to ambient, engine coolant, hydraulic, and transmission oil temperature. For the 285 forklifts, the average forklift drove 29.8 km per day with an average speed of 6.6 km per hour, carrying a total weight of 661 ton and lifting Sustainability 2019, 11, 6708 6 of 21 176 loads. The average time per day that the engine was running while the vehicle was moving or using load handling function was 9.5 h, and the average number of hours a vehicle was idling was 4.1 h. The average time during which a vehicle carried a very heavy load was 0.2 h. On average, the majority of forklifts spent their working time in different workload spectra, but most of them did not spend significant time in heavy load spectra. The average ambient temperature was 16 • C, and the engine coolant temperature, hydraulic fluid temperature, and transmission oil temperature did not exceed their limits. The dependent (output) variables were provided by the company and included average fuel consumption per day, engine hour, load, ton, and ton-meter. On average, one forklift consumed 65 L of diesel fuel per day, 7 L per hour, 1.6 L per load, 0.7 L per ton, and 0.02 L per ton-meter. Descriptive statistics are presented in Table A1 (Appendix A). The independent (explanatory) variables used in this study were chosen based on previous studies that identified them as significant for fuel consumption. Among these variables are vehicle distance, speed, number of idles, shock and overload occurrences, engine, driving and idle time, and time spent in different driving modes, time spent and number of lifts in different workload spectra, and variables related to ambient, engine coolant, hydraulic, and transmission oil temperature. For the 285 forklifts, the average forklift drove 29.8 km per day with an average speed of 6.6 km per hour, carrying a total weight of 661 ton and lifting 176 loads. The average time per day that the engine was running while the vehicle was moving or using load handling function was 9.5 h, and the average number of hours a vehicle was idling was 4.1 h. The average time during which a vehicle carried a very heavy load was 0.2 h. On average, the majority of forklifts spent their working time in different workload spectra, but most of them did not spend significant time in heavy load spectra. The average ambient temperature was 16 °C , and the engine coolant temperature, hydraulic fluid temperature, and transmission oil temperature did not exceed their limits. The dependent (output) variables were provided by the company and included average fuel consumption per day, engine hour, load, ton, and ton-meter. On average, one forklift consumed 65 L of diesel fuel per day, 7 L per hour, 1.6 L per load, 0.7 L per ton, and 0.02 L per tonmeter.
Data Preparation and Analysis
The aim of this study was to explore fuel consumption factors using a number of underlying explanatory variables. Partial least-squares regression (PLSR) is a regression method that allows for the identification of latent variables (linear combinations of explanatory variables) and their effects on response variables [51] . Over the last decade, this method has become widely used in various fields of business research, including the Information Systems discipline, marketing, and strategic and operations management [52] . In addition, this method has become popular in the analysis of factors affecting fuel consumption [53, 54] . MATLAB software was used for the PLSR analysis.
PLSR is a method that is used for modeling linear regressions between multiple, possibly 
PLSR is a method that is used for modeling linear regressions between multiple, possibly correlated, explanatory variables and multiple dependent variables. This method combines the basic functions of canonical correlation analysis, principal component analysis, and multiple regressions [55] . The least-squares solution for multiple linear regression [56] :
is given by:
The problem is that X T X is singular, either because the number of columns (variables) in X exceeds the number of rows (objects) or because of collinearity. PLSR circumvents this by decomposing X to orthogonal scores T and loadings P:
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Furthermore, PLSR regresses Y on the first column of the scores, and its aim is to incorporate information on both X and Y in the definition of the loadings and scores. The loadings and scores are chosen in such a way as to describe, as much as possible, the covariate between X and Y.
PLSR overcomes two key challenges of classical regression methods, namely a large number of correlated explanatory variables and a small sample size with a large number of predictors [57] . Another important advantage of PLSR is that it does not have many specific assumptions for the analyzed data. The data only need to be relatively normally distributed ( Figure A1, Appendix B) and cleansed of influential outliers prior to analysis [58] . Correlation coefficients between explanatory variables were strong and significant in most cases, demonstrating potential multicollinearity. Therefore, PLSR was an appropriate method for analyzing the available data.
Results
The PLSR technique was used to analyze the effect of the explanatory variables on fuel-related dependent variables. First, the prediction ability of key PLSR models with dependent variables, such as liters per day, liters per hour, liters per load, liters per ton, liter per ton-meter, was established by the percentage of variation accounted for by the principal components. Second, key drivers of fuel consumption in relation to productivity were extracted by analyzing the normal probability plots and bar loads of the most important regression variables.
Prediction Ability
The choice of PLS factors was made by exploring the percentage of the variance explained in the response variables ( Figure A2 , Appendix C) and the root mean of the dependent variables. Table 2 provides the percentage variation accounted for by the PLS factors.
The first nine PLS factors included all of the variance information for X and Y. First, by using 39.063% of the information in potential influencing factors, the first nine PLS factors explained 95.984% of the variance in fuel consumption per day. Second, for 40.722% of the information in potential influencing factors for liters per hour, the first nine PLS factors explained 59.729% of the variance. The percentage of variations accounted for by PLS factors demonstrates that fuel per time unit (day and hour) are promising dependent variables to explain fuel consumption reductions based on the available explanatory variables. Third, for 40.451% of the information in potential influencing factors, the first nine PLS factors explained 38.719% of the variance in liters per load. Fourth, for 40.259% of the information in potential influencing factors, the first nine PLS factors explained 32.045% of the variance in liters per ton. Fifth, for 41.377% of the information in potential influencing factors, the first nine PLS factors explained 28.251% of the variance in liters per ton-meter. The percentage of variation accounted for by PLS factors demonstrates that the models do not have strong predictive ability from the explanatory variables in relation to the constructed variables of fuel consumption per load, per ton, and per ton-meters. Thus, more explanatory variables can improve the predictive ability in relation to fuel consumption per load, per ton, and per ton-meters. These dependent variables can also be subject to further examination of whether they account for relevant activities and measures in the physical world in order to find ways to reduce fuel consumption.
Key Determinants of Fuel Consumption and Productivity
Normal probability plots and bar loads were used to demonstrate the most important regression variables. Normal probability plots helped us to find cut-off limits in order to select important variables for fuel consumption (Figure A1, Appendix B) . We began our analysis by focusing on fuel consumption per day and per hour ( Figure 2) and further analyzed what factors affect fuel consumption per load, per ton, and per ton-meter (Figure 3 ). On the left-hand side of each figure, bar loads demonstrate the weight of the most influential factors of fuel consumption decrease and the right-hand side shows the weight of the most important factors that affect fuel consumption increase. consumption per day and per hour ( Figure 2) and further analyzed what factors affect fuel consumption per load, per ton, and per ton-meter ( Figure 3 ). On the left-hand side of each figure, bar loads demonstrate the weight of the most influential factors of fuel consumption decrease and the right-hand side shows the weight of the most important factors that affect fuel consumption increase. The results demonstrated that high fuel consumption per day was mainly caused by distance driven and time-related parameters, such as production, engine, hydraulic driving, and idling hours. Low fuel consumption per day was strongly associated with minimum ambient temperature, and among the different countries, Norway demonstrated the most efficient fuel usage. High fuel consumption per hour depended strongly on distance driven, average speed, and weight lifted. In comparison to other customer segments, the material handling and logistics segment was shown to be the most fuel efficient. Overall, the results demonstrate the importance of travel-related, operations-related, and driver-related factors on fuel consumption per unit of time. Interestingly, the results demonstrated that leaving machines idling for a shorter time period might lead to fuel savings per hour, but in the long run this led to high fuel consumption per day. The results also demonstrated that high hydraulic fluid temperatures can waste fuel, and thus this has to be addressed through maintenance in order to maintain a stable hydraulic system. Sustainability 2019, 11, x FOR PEER REVIEW 10 of 22 The results further demonstrated that high fuel consumption per load, per ton, and per ton-meter was associated with time spent in a specific load spectrum. For example, time spent in the load spectrum of 20-30 tons was associated with high fuel consumption per load, per ton, and per ton-meter. Interestingly, a number of lifts in specific load spectra and time spent in these lead spectra in some cases have different effects on fuel consumption. While these factors and their effect as such are interesting, the present study's aim was not to consider one or two factors and their effect on fuel consumption but the whole system of factors together. Overload hours were also associated with high fuel consumption per load and ton. For other segments, the wood products industry was shown to be efficient in terms of fuel consumption and productivity. Although somewhat counterintuitive, total loads lifted and total weight were associated with fuel-saving per load, per ton, and per ton-meter. On the one hand, this can be explained by short distances driven by forklifts, on the other hand, while the less loaded a forklift the less efficient it is, a heavier loaded forklift is more efficient until a certain level and a non-linear behaviour occurs because of the scale effects. This can also be explained by all three dependent variables not having a fixed ratio of driving/lifting/weight for vehicles, and thus to establish how fuel consumption can decrease without losing productivity these variables must be reconsidered.
Discussion
While fuel costs are increasing and governments are taking actions towards reducing greenhouse gas emissions, manufacturers and users of heavy-duty equipment are struggling to reduce fuel consumption while improving the productivity of vehicles. Although factors related to fuel consumption are a heavily researched area in road freight transportation and logistics field, the current state of knowledge demonstrates a gap with respect to complementary factors and their interactions, which can reduce fuel consumption and improve the productivity of heavy-duty equipment [1] and, therefore, align with both ecological sustainability and economic productivity. Moreover, making sense of newly collected data via sensors over an extended time period presents another challenge in relation to fuel consumption and productivity. This study attempted to respond to the need for companies to move towards cleaner productivity by finding patterns in a large dataset that are indicative of fuel efficiency and cleaner productivity of heavy-duty equipment, which, in our case, was medium-range forklifts. The present study advances the current literature in the following important ways.
First, our results contribute to the literature that investigates factors of fuel consumption and productivity in the field of road freight transportation and logistics [13, 14, 16] . In contrast to previous studies, which approached fuel consumption factors in a monolithic manner, studying one or a few factors per study, the present study shows that when several factors are considered at the same time and for a larger set of forklifts that operate in natural settings for a longer time, a more complex situation emerges regarding the factors that affect fuel consumption and thus CO 2 emission. For the first time, this study shows that various factors that have been established as drivers of fuel consumption, when considered jointly, may manifest conflicting contradictors and non-linear behaviour.
Second, our results also contribute to the limited literature that focuses on models that indirectly affect fuel consumption of forklifts through order sequencing, storage allocation, and path minimization [19] [20] [21] [22] [23] . These studies are mostly criticized for restricted applicability to the particular operating conditions and difficult application in complex real-life settings. In the present study, we collected and analyzed longitudinal data of forklifts in real-life use. The results from this study reveal that mostly travel-, driver-, and operations-related factors complement each other to increase fuel consumption per unit time, including distance, average speed, and time-related parameters, such as production, engine, hydraulic, driving, and idle hours. The results also demonstrate the importance of the environment-and vehicle-related variables. Additionally, particular industry segments and countries are shown to be more effective in terms of fuel consumption.
Third, besides complementary fuel consumption drivers, the present study supports currently limited evidence on the importance of driver behaviour of forklifts [24] . In contrast to current studies that focus on driver behaviour in freight transportation and logistics in general, there is a limited number of studies that investigate driver behaviour of forklifts in relation to fuel consumption and productivity. The results of the present study demonstrate that driver behavior such as compliance to speed limits and idling can significantly affect the fuel consumption per time unit of a forklift. The impact on fuel efficiency and productivity by this behavior is often highlighted as a promising research direction to identify fuel-saving practices, and the results from this study confirm the importance of driver behaviour as a complementary factor.
The results of the present paper are important for practitioners who focus on drivers of fuel consumption and productivity. In general, the present study demonstrates that several factors available through sensors, of various kinds, should be elaborated in a deliberately synchronized manner in order to improve the fuel consumption and productivity of a vehicle. This study guides practitioners by informing that when considered jointly, various factors that have been established as drivers of fuel consumption may manifest conflicting contradictors.
This study has the following limitations. First, we used only one homogeneous group of vehicles-medium-range forklifts. The analysis can further be applied to a different range of forklifts and adjusted to different types of heavy-duty vehicles, such as reach stackers and tractors. Second, the daily dataset was analyzed for one year and is expandable to include more vehicles and to uncover new patterns in fuel consumption over a longer time. The data from the sensors were sent every second; thus, a more detailed analysis of fine-grained data might also bring new insights into patterns of fuel consumption. Third, the analysis was done on the vehicle level and might further be extended by focusing on the individual driver level. Therefore, future studies over a longer time span and on a larger scale might help to discover new patterns that can be used to adjust fuel consumption and productivity. Finally, while we applied the systems approach of the complementarity theory [59] , future experimental studies can explore the nature of the interactions of the various factors identified.
Conclusions
In the present paper, an analysis of sensor data aimed at discovering drivers of fuel consumption and productivity was carried out. Most previous studies have focused only on one or a few factors that affect fuel consumption in terms of liters of fuel consumed, and little attention has been paid to complementary relationships among them and their effect on fuel consumption and productivity, which was the target in the present study. An evaluation of the effect of several explanatory variables on fuel consumption revealed the considerable effect of distance, average speed, and time-related variables on overall fuel consumption per unit time. The analysis also demonstrated the importance of activities in different workload spectra and overload hours in relation to fuel consumption per load, per ton, and per ton-meter. In addition, for activity-based parameters, particular industry segments and countries were shown to be more efficient in terms of fuel consumption. In contrast to previous studies, this study demonstrated which combinations of fuel consumption factors can be used to further establish complementary relationships between factors. The results of the study can further be used to conduct controllable experiments to explore the nature of the interactions among particular factors, among which complementary relationships emerge. The results of the study can also be used in a more detailed analysis of forklift activities in different workload spectra and for different dependent variables. The results can also be used to further explore practices in fuel consumption in different countries and industry segments to formulate a list of the best practices. Thus, further analysis can bring new insights into how to reduce fuel consumption and become more cost effective without losing vehicle productivity. 
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